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The metaphase-to-anaphase transition is one of
the most dramatic and highly regulated steps in
cell division. At anaphase onset the protease sepa-
rase dissolves sister chromatid cohesion. Simulta-
neously, the mitotic spindle elongates as interpolar
microtubules (iMTs) slide apart at the spindle mid-
zone, ensuring chromosome segregation. However,
it remains unclear how spindle elongation is coordi-
nated with cell cycle progression. Here we demon-
strate that phosphorylation of the midzone organizer
Ase1 controls localization and function of Cin8, a
kinesin-5 that slides iMTs relative to each other.
Phosphorylation of Ase1 by Cdk1 (cyclin-dependent
kinase) inhibits Cin8 binding to iMTs, preventing
bending and collapse of the metaphase spindle. In
anaphase Ase1 dephosphorylation by the sepa-
rase-activated phosphatase Cdc14 is necessary
and sufficient for Cin8 recruitment to the midzone,
where it drives spindle elongation. Our results reveal
that sliding forces at the midzone are activated by
separase and explain how spindle elongation is trig-
gered with anaphase entry.
INTRODUCTION
The mitotic spindle is a dynamic machine that segregates
the replicated chromosomes between the two daughter cells
during cell division. In anaphase A shrinking kinetochore MTs
(kMTs) move the chromosomes toward the spindle poles.
Concurrently, the spindle midzone is formed by overlapping
iMTs in the middle of the spindle where MT-bundling proteins,
kinesin motor proteins, and signaling molecules localize (Glotzer,
2009). The midzone stabilizes the anaphase spindle by crosslink-
ing iMTs of the two half spindles and drives spindle elongation in
anaphase B.
The conserved MT-bundler PRC1, kinesin-5 motors, and the
centralspindlin complex are fundamental for midzone function
in animal cells. PRC1 is involved in spindle midzone organization,
spindle stability, and cytokinesis (Jiang et al., 1998; Mollinari
et al., 2002). The tetrameric kinesin-5 motors contribute to244 Developmental Cell 17, 244–256, August 18, 2009 ª2009 Elseviespindle stability and provide the driving force for anaphase B
by sliding iMTs apart (Kapitein et al., 2005). The metazoa-
specific centralspindlin complex consists of the kinesin-6
MKLP1 and the Rho family GAP CYK-4. It crosslinks iMTs and
regulates cytokinesis (Mishima et al., 2002). At least some of
these midzone proteins are modulated by the Cdk1 kinase and
opposing phosphatases, but the impact of this regulation on
spindle elongation is unknown (Mishima et al., 2004; Zhu et al.,
2006).
Budding yeast is an ideal system to dissect spindle function.
Its spindle is comparatively simple, with a single kMT per kinet-
ochore and only 3–8 iMTs (Winey et al., 1995). In addition, MT
minus ends are statically anchored at the spindle poles, and
only the plus ends are dynamic (Maddox et al., 2000). Impor-
tantly, the main midzone components and the basic principles
of spindle midzone formation are conserved in budding yeast.
The PRC1 homolog Ase1 is required for midzone assembly
and stability of the anaphase spindle (Khmelinskii et al., 2007;
Schuyler et al., 2003). Genetic evidence suggest that the kine-
sin-5 motors Cin8 and Kip1 drive the elongation of the anaphase
spindle (Saunders et al., 1995; Straight et al., 1998). However, it
is unclear how the activities of these motors are regulated during
cell cycle progression.
Relatively little is known about the mechanisms that regulate
spindle elongation at anaphase onset. Dissolution of sister chro-
matid cohesion is necessary but not sufficient for full spindle
elongation (Higuchi and Uhlmann, 2005; Uhlmann et al., 2000).
As part of the Cdc fourteen early anaphase release network
(FEAR), separase activates the Cdk1-opposing phosphatase
Cdc14 (Stegmeier et al., 2002; Sullivan and Uhlmann, 2003).
Recently we identified the midzone organizer Ase1 as a Cdc14
substrate (Khmelinskii et al., 2007). We could show that dephos-
phorylation of Ase1 is important for the formation of a focused
and centered midzone and for continuous elongation of the
anaphase spindle. However, on the molecular level the role of
the phosphorylation cycle of Ase1 remains unknown.
In this study we elucidate the molecular function of Ase1 phos-
phorylation and describe a mechanism that triggers spindle
elongation with progression into anaphase. We demonstrate
that spindle elongation is actively restrained in metaphase.
Phosphorylation of Ase1 by Cdk1 in metaphase inhibits spindle
elongation and collapse in the presence of sister chromatid
cohesion by preventing accumulation of the kinesin-5 Cin8 on
iMTs. Spindle elongation is promoted in anaphase through cellr Inc.
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Dephosphorylation of Ase1 by FEAR-activated Cdc14 is
required for midzone recruitment of Cin8 through direct interac-
tion with Ase1. In the presence of hyperphosphorylated Ase1,
anaphase iMTs polymerize normally but fail to slide apart due
to lack of Cin8 activity at the midzone. Our results establish
a mechanism for regulation of kinesin activity, where a posttrans-
lational modification of the static MT-bundler Ase1 promotes MT
sliding by controlling Cin8 localization, and explain how the onset
of spindle elongation is coordinated with the metaphase-to-
anaphase transition.
RESULTS
Cdk1 Phosphorylation of Ase1 Prevents Elongation
of the Metaphase Spindle
In budding yeast Ase1 is phosphorylated by Cdk1 in vivo
(Ubersax et al., 2003). Dephosphorylation of Ase1 in anaphase
requires the phosphatase Cdc14 and is involved in midzone
formation and spindle elongation (Khmelinskii et al., 2007).
However the molecular function of Ase1 dephosphorylation in
anaphase is unclear, and the function of Ase1 phosphorylation
in metaphase has not been addressed to date.
To understand the importance of timely regulated phosphory-
lation of Ase1, we analyzed spindle behavior in cells arrested in
metaphase by depletion of Cdc20, an activator of the anaphase
promoting complex (APC) (Visintin et al., 1997). We first estab-
lished that Ase1 stayed hyperphosphorylated in metaphase-
arrested cells (Figure 1A, t = 0 min). Shortly after release from
the metaphase block, Ase1 was dephosphorylated (Figure 1A,
t = 20 min) and the protein was completely degraded in an
APCCdh1-dependent manner with mitotic exit (Figure 1A, t =
50 min) (Juang et al., 1997). We next asked what would be the
consequences of premature Ase1 dephosphorylation in meta-
phase. To investigate this, we made use of the established
Ase17A and Ase17D mutants, in which the consensus Cdk1 sites
in Ase1 have been mutated to nonphosphorylatable or phospho-
mimicking residues (Khmelinskii et al., 2007). Cells with the
a-tubulin gene TUB1 fused to the green fluorescent protein
(GFP) to mark MTs and expressing Ase1, Ase17A, or Ase17D as
the sole source of Ase1 protein were blocked in metaphase
and monitored by time-lapse microscopy for 90 min. Whereas
wild-type ASE1 spindles moved between mother and daughter
cells without changes in length or collapses, ASE17A cells
exhibited recurrent spindle bending and collapse events during
the metaphase arrest (Figure 1C; see Figure S1A available online)
(maximum of nine events per cell). Cells expressing the phos-
phomimicking mutant Ase17D showed no spindle defects when
blocked in metaphase. The ASE17A phenotype was not caused
by the metaphase arrest, as imaging of cycling ASE17A GFP-
TUB1 cells also revealed frequent spindle bending and collapse
prior to full elongation (Figure 1D, t = 6 min, in 31 of 103 cells).
Two sets of MTs could be distinguished in the deformed
ASE17A metaphase spindles. The short MT clusters that
remained aligned along the pole-to-pole axis during bending
were identified as kinetochore MTs by colocalization with the
kinetochore marker Nuf2-eqFP. Based on the localization of
GFP-tagged Ase17A to the arched part of the spindle delimited
by the spindle pole body (SPB, the yeast centrosome) markerDeveloSpc42-eqFP, we could recognize the bent microtubules as
iMTs (Figure 1E and Figure S1B). This raised the possibility
that premature sliding of iMTs caused the abnormal spindle
behavior. If this hypothesis is correct, reducing the activity of
the kinesin-5 motors Cin8 and Kip1, required for normal
anaphase spindle elongation (Saunders et al., 1995; Straight
et al., 1998), should suppress theASE17A phenotype. TheGAL1-
CDC20 ASE17A cin8D triple mutant was unviable in our strain
background, although all the double mutant combinations
showed no growth defects (data not shown). This lethality may
arise from the concerted function of ASE1 and CIN8 in spindle
assembly (Kotwaliwale et al., 2007) and the fact that overexpres-
sion of CDC20 may destabilize additional APC substrates (Visin-
tin et al., 1997). Nevertheless, the frequency of spindle bending
and collapse events in metaphase-arrested ASE17A cells was
reduced upon deletion of KIP1 (p < 0.01) but not of the cyto-
plasmic kinesin-like motor protein KIP2 (p > 0.8), which is
required for spindle positioning (Miller et al., 1998) (Figure 1F).
The observed differences could not be explained by spindle
assembly defects in the kip1D mutant (Hoyt et al., 1992; Saun-
ders and Hoyt, 1992), as time-lapse analysis was performed after
allowing for complete bipolar spindle formation (Figure 1F).
Taken together, phosphorylation of Ase1 is necessary to prevent
premature elongation and collapse of the metaphase spindle,
possibly by inhibiting sliding of iMTs.
Dephosphorylation of Ase1 Promotes Coupling between
Polymerization and Sliding of iMTs in Anaphase
Two pathways, FEAR and MEN (mitotic exit network), activate
Cdc14 by promoting its release from the nucleolus in early and
late anaphase, respectively (Shou et al., 1999; Stegmeier et al.,
2002). FEAR-activated Cdc14 is sufficient for timely dephos-
phorylation of Ase1 (Figure S2A). It is, however, unclear whether
this dephosphorylation controls midzone function by regulating
crosslinking, sliding, or dynamics of iMTs in anaphase. To gain
insight into the molecular function of Ase1 dephosphorylation,
we analyzed the impact of hyperphosphorylated Ase1 on the
behavior of iMTs during anaphase, when Ase1 is normally
dephosphorylated. For this purpose we correlated spindle and
midzone behavior in cells carrying the SPB marker Spc42-
eqFP to monitor spindle elongation and expressing GFP-tagged
mutants of ASE1 to mark the midzone.
Anaphase spindle elongation of wild-type ASE1 cells followed
characteristic biphasic kinetics, with an initial fast phase and
a second slower phase of elongation (Straight et al., 1997) (Fig-
ure 2A). The spindle midzone, marked by Ase1-GFP, remained
constant in length until spindle disassembly (Figures 2A and
2B). Because iMTs polymerize exclusively at the midzone
throughout anaphase (Maddox et al., 2000), the constant
midzone length indicates a close coupling between MT polymer-
ization and spindle elongation in wild-type cells. Regardless of
metaphase spindle collapse, anaphase spindle elongation
proceeded continuously in ASE17A cells, albeit with a faster
second phase. No defects in midzone behavior were observed
in ASE17A cells (Figure 2A). In contrast, ASE17D cells exhibited
reduced spindle elongation concomitant with an increase in mid-
zone length (Figures 2A and 2B). The midzone component Bim1,
the budding yeast EB1 homolog (Schwartz et al., 1997), colocal-
ized with Ase17D throughout spindle elongation (Figure 2C),pmental Cell 17, 244–256, August 18, 2009 ª2009 Elsevier Inc. 245
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Figure 1. Failure to Phosphorylate Ase1 Causes Metaphase Spindle Elongation and Collapse
(A) Ase1 is dephosphorylated at the onset of anaphase. ASE1-6HA GAL1-CDC20 cells were arrested in metaphase by depletion of Cdc20 and released into
anaphase by Cdc20 induction (t = 0). Protein levels were analyzed by immunoblotting. Asynchronous (log) and G1-arrested cell extracts are shown for compar-
ison. Cells were scored for anaphase DNA segregation (filled circles) and rebudding (empty squares) (n > 100 cells per time point).
(B) Domain architecture of Ase1 with full consensus Cdk1 phosphorylation sites. Coiled-coils are in dark gray.
(C) Ase17A causes spindle elongation and collapse during metaphase arrest. ASE1, ASE17A, and ASE17D cells expressing GFP-TUB1 and GAL1-CDC20 were
synchronized in G1 and analyzed by time-lapse microscopy 2 hr after release into a metaphase block. Scale bar: 5 mm.
(D) Failure to phosphorylate Ase1 results in abnormal spindle behavior. The GFP-TUB1 ASE17A strain was analyzed by time-lapse microscopy. Scale bar: 2 mm.
(E) Bending of iMTs in metaphase-arrested ASE17A cells. GAL1-CDC20 cells with ASE17A NUF2-eqFP GFP-TUB1 or ASE17A-GFP SPC42-eqFP were analyzed
by time-lapse microscopy in metaphase block as in (C). Scale bar: 2 mm.
(F) KIP1 deletion rescues ASE17A metaphase spindle defects. GFP-TUB1 GAL1-CDC20 cells in ASE17A, ASE17A kip1D, and ASE17A kip2D backgrounds were
analyzed by time-lapse microscopy as in (C), and spindle extension/collapse events were scored for 90 min. Bipolar spindle assembly was scored after release
from G1 arrest (n > 100 cells per time point).246 Developmental Cell 17, 244–256, August 18, 2009 ª2009 Elsevier Inc.
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mutant. Although on average the spindle midzone remained
constant in length, there was a correlation between anaphase
duration and midzone extension within the wild-type ASE1
population (Figure S3). This, however, could not account for
the abnormal midzone extension seen in the ASE17D mutant,
as anaphase duration was not increased in ASE17D cells
(Figure 2B, p > 0.5). Thus, the phosphomimicking Ase17D protein
causes midzone overextension and decreases anaphase
spindle elongation.
We extended these findings by analyzing the effect of native
hyperphosphorylated Ase1 on anaphase spindle behavior. For
such an experiment, one possibility would be to use conditional
lethal cdc14 mutants, which have severe spindle midzone
defects (Figure S4) (Khmelinskii et al., 2007). The interpretation
of cdc14 spindle phenotypes is, however, complicated as, in
addition to Ase1, several other dephosphorylation targets of
FEAR-activated Cdc14 are involved in anaphase spindle regula-
tion (Higuchi and Uhlmann, 2005; Pereira and Schiebel, 2003).
For instance, midzone localization of Slk19, a protein involved
in midzone assembly and spindle stabilization, is impaired in
cdc14 cells (Khmelinskii et al., 2007; Pereira and Schiebel,
2003). We thus sought an alternative means of analyzing endog-
enous hyperphosphorylated Ase1 in anaphase.
Ase1 is predominantly phosphorylated by Cdk1-Clb5.
Although much less efficiently, Cdk1-Clb2 also phosphorylates
Ase1 in vitro (Loog and Morgan, 2005). Whereas Clb5 is
degraded with anaphase onset (Shirayama et al., 1999), Clb2
levels remain high until mitotic exit (Yeong et al., 2000)
(Figure 1A, t = 30 min). This ordered degradation of cyclins
defines the timing of substrate dephosphorylation in anaphase
(Jin et al., 2008; Sullivan and Morgan, 2007). Without MEN,
FEAR-induced release of Cdc14 is transient (Stegmeier et al.,
2002), and Cdk1-Clb2 can potentially rephosphorylate Clb5-
specific targets upon Cdc14 sequestration. Indeed, MEN inacti-
vation by addition of the ATP analog that inhibits the mutant MEN
kinase Cdc15-as (D’Aquino et al., 2005) allowed only brief
dephosphorylation of Ase1, followed by rapid rephosphorylation
from mid-anaphase onward (Figure S2B). However, Slk19
remained at the spindle midzone throughout anaphase spindle
elongation upon inactivation of the Cdc15-as kinase (Fig-
ure S2C). This observation allowed us to examine the impact
of native hyperphosphorylated Ase1 on anaphase spindle
behavior without additional FEAR-dependent defects. Cdc15-as
inhibition in cells with ASE1-GFP resulted in decreased spindle
elongation and increased midzone extension, whereas identi-
cally treated cdc15-as ASE17A-GFP cells did not show these
defects (Figures 2D and 2E). Therefore, similarly to
the ASE17D mutant, rephosphorylation of Ase1 upon MEN
inactivation impairs spindle elongation and causes midzone
overextension.
Importantly, the increase in midzone extension observed upon
Cdc15-as inhibition (from 0.2 ± 0.1 mm, n = 28, to 1.2 ± 0.1 mm,
n = 31; Figure 2E, green boxes) equaled the concurrent decrease
in spindle elongation (from 8.3 ± 0.2 mm, n = 28, to 7.1 ± 0.2 mm,
n = 31; Figure 2E, red boxes). Hindered spindle elongation also
correlated with the extension of the midzone marked with
GFP-tagged Ase17D. In fact, the midzone extended faster
when spindle elongation was slower (Figure 2A, asterisks),Develosuggesting uncoupling between polymerization and sliding of
iMTs in ASE17D cells. Thus, dephosphorylation of Ase1 in early
anaphase promotes spindle elongation by coordinating poly-
merization with sliding of iMTs at the spindle midzone.
Sliding of iMTs Is Controlled by the Phosphorylation
State of Ase1
The spindle and midzone defects caused by Ase1 phosphoryla-
tion mutants could be explained if the phosphorylation state of
Ase1 affects either (1) dynamics, (2) crosslinking, or (3) sliding
of iMTs, all of which are necessary for anaphase spindle elonga-
tion. We examined these possibilities.
The experiments described above suggest that anaphase
iMTs polymerize with the same net polymerization rate in the
presence of hyperphosphorylated Ase1, but this polymerization
is not efficiently used for spindle elongation and instead can be
observed as an increase in midzone length (Figures 2B and
2E). However, a similar net polymerization does not rule out an
Ase1 phosphorylation-dependent change in MT dynamics.
Therefore, we asked whether the dynamics of iMTs in anaphase
was affected by the phosphomimicking Ase17D protein. It is
established that budding yeast MTs grow and shrink only at
the plus ends, whereas the minus ends are statically anchored
at the SPBs. If the central part of a wild-type anaphase spindle
visualized with GFP-Tub1 is photobleached, the bleach mark
splits into two without recovering its fluorescence as the spindle
elongates (Maddox et al., 2000) (Figure 3). Using this assay, we
analyzed the effect of Ase1 phosphorylation on the dynamics
of iMTs. In similarly treated ASE17A and ASE17D cells, the bleach
marks split into two during spindle elongation (Figure 3). In addi-
tion, the time of splitting correlated with the rate of spindle elon-
gation, as two bleached regions appeared later in ASE17D cells
(6.0 ± 0.5 min after bleaching, p < 0.05) than in ASE1 (4.5 ± 0.5
min) or ASE17A cells (3.2 ± 0.5 min, p < 0.05) (Figure 3). The
dynamics of iMTs is therefore not affected by the phosphoryla-
tion state of Ase1.
Members of the Ase1 family have a single MT-binding domain.
For that reason protein oligomerization is necessary to bundle
MTs, and indeed Ase1 forms homodimers (Janson et al., 2007;
Schuyler et al., 2003). Phosphorylation of PRC1, the human
Ase1 homolog, controls its MT-bundling activity by keeping it
in an inactive monomeric state (Zhu et al., 2006). In the case of
Ase1, the N-terminal region that is required for dimerization
(data not shown) contains three Cdk1 consensus phosphoryla-
tion sites (Figure 1B). We examined whether phosphorylation
affects oligomerization of Ase1 by using purified recombinant
Ase1, Ase17A, and Ase17D proteins. Surprisingly, the three
proteins showed identical migration on size-exclusion chroma-
tography (Figure 4A), arguing that phosphorylation does not
prevent Ase1 dimer formation. Analysis of epitope-tagged
mutants of Ase1 from native yeast extracts confirmed this result
(Figure S5).
A phosphorylation-dependent increase in MT-bundling
activity of Ase1 could function as a brake for spindle elongation
in metaphase and account for the slower anaphase spindle elon-
gation in ASE17D background. We thus tested the effect of Ase1
phosphorylation on its ability to bundle MTs. Fluorescently-
labeled MTs were polymerized in vitro and mixed with recombi-
nant Ase1 mutants, and formation of MT bundles was assessedpmental Cell 17, 244–256, August 18, 2009 ª2009 Elsevier Inc. 247
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Figure 3. The Dynamics of iMTs Is Independent of the Phosphorylation State of Ase1
ASE1, ASE17A, and ASE17D cells expressing GFP-TUB1 were examined as indicated in the cartoon. The time between bleaching and splitting of the bleach mark
was measured (n = 9, 11, and 9 for ASE1, ASE17D, and ASE17A, respectively). Scale bar: 2 mm.by microscopy. All three proteins—Ase1, Ase17A, and Ase17D—
displayed robust MT-bundling activity in vitro (Figure 4B). More-
over, in vivo FRAP measurements showed that Ase17D-GFP
exchanged faster at the midzone than Ase1-GFP (Figure S6),
arguing against an increased MT-bundling activity of Ase17D.
Based on these observations, and taking into account that
hyperphosphorylated Ase1 localized in a restricted manner
in vivo (Figures 2A and 2D), we conclude that the phosphoryla-
tion state of Ase1 does not obviously affect its MT-bundling
activity.
Fission yeast Ase1 defines the distance between MTs within
cytoplasmic bundles (H.R., unpublished data). Other MT-asso-
ciated proteins have preferred conformations on the MT. For
instance kinesin-1 holds its cargo at a defined distance from
the MT surface in vitro (Kerssemakers et al., 2006). An attrac-
tive idea is that phosphorylation of Ase1 indirectly controls
the activity of other midzone components by regulating MT
spacing at the midzone. To evaluate this possibility, anaphase
spindles were reconstructed by electron tomography. The
region of antiparallel overlap of iMTs that defines the midzoneDevelowas broader in the reconstructed ASE17D spindles than in
ASE1 spindles of similar length (Figure 4C, arrowheads). Mid-
zone length measurements of the reconstructed spindles
were in good agreement with fluorescence microscopy data
(Figure 4D), supporting the idea that polymerization of iMTs is
not influenced by Ase1 phosphorylation. To identify the
preferred distance between antiparallel iMTs at the midzone,
we calculated the density at which antiparallel MTs are found
at a given distance from one another using neighbor density
analysis (NDA). NDA of wild-type ASE1 midzones showed
two peaks, a strong peak at 30 nm corresponding to the
preferred distance between antiparallel MTs and a weaker
peak at 55 nm that results from MT packing (Figure 4E). In
the ASE17D mutant, MT packing was altered such that large
portions of the midzone were defined by a single iMT from
one pole interacting with multiple iMTs from the opposite
pole (Figure 4C). As a result, the 55 nm peak was absent
from the NDA of ASE17D midzones. However, the presence of
a peak at 30 nm showed that also in the mutant antiparallel
MTs had a strong preference to be separated by 30 nm.Figure 2. Failure to Dephosphorylate Ase1 Uncouples Polymerization of iMTs from Sliding
(A) Impaired spindle elongation and midzone extension in ASE17D anaphase. Cells expressing SPC42-eqFP in ASE1-GFP, ASE17A-GFP or ASE17D-GFP back-
ground were analyzed by time-lapse microscopy. Corresponding measurements of pole-to-pole distance (red circles) and GFP region length (green squares) are
shown. Asterisks on the ASE17D movie sequence and plot mark the same time point. Scale bar: 2 mm.
(B) Quantification of (A). Midzone extension (increase in midzone length during anaphase), spindle elongation (increase in spindle length during anaphase), and
anaphase duration (time from start of spindle elongation until spindle collapse) were measured for each cell (n = 16, 30, and 16 cells for ASE1, ASE17D, and
ASE17A, respectively). Box-and-whiskers plots: boxes extend from the 25 to the 75 percentile, with a line at the median; whiskers extend to the most extreme
values. Statistically significant differences between the wild-type and mutants of ASE1 are marked with asterisks.
(C) Ase17D marks the extending midzone. SPC42-eqFP BIM1-eqFP cells expressing ASE1-GFP or ASE17D-GFP were analyzed by time-lapse microscopy. Scale
bars: 2 mm.
(D) Ase1 rephosphorylation during MEN arrest decreases spindle elongation and causes midzone extension. Cells with cdc15-as mCherry-TUB1 SPC42-GFP in
ASE1-GFP or ASE17A-GFP background were synchronized in G1, released into an anaphase block by inhibition of Cdc15-as1, and followed by time-lapse
microscopy. The GFP channel is shown. Scale bar: 2 mm.
(E) Spindle elongation, midzone extension, and corrected spindle elongation (the sum of the latter two quantities) were measured 25 min after the start of
anaphase for the cells in (D) (n = 28 and 31 for ASE1-GFP strain without and with the inhibitor).pmental Cell 17, 244–256, August 18, 2009 ª2009 Elsevier Inc. 249
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Figure 4. Phosphorylation Does Not Significantly Affect the MT-Bundling Activity of Ase1
(A) Coomassie-stained SDS-PAGE gel and size-exclusion chromatography profiles of purified Ase1, Ase17A, and Ase17D proteins. Arrowheads mark the elution
volumes of the markers (thyroglobulin, aldolase, conalbumin, and chymotrypsinogen A: Stokes radii of 8.5, 4.8, 4.04, and 2.1 nm respectively).
(B) Purified Ase1, Ase17A, and Ase17D bundle MTs. Shown are fluorescence microscopy images of Cy3-labeled MTs incubated with Ase1 mutants. Scale bar:
10 mm.
(C) Models of wild-type ASE1 and mutant ASE17D anaphase spindles examined by electron tomography. SPBs (yellow) and individual MTs from each SPB (red
and green, respectively) are shown. Blue caps, MT plus ends; white arrowheads, edges of the antiparallel overlap regions. MT packing is illustrated for the indi-
cated regions. Scale bar: 500 nm.
(D) Electron tomography midzone measurements agree with fluorescence microscopy data. Normalized midzone length (midzone length divided by spindle
length) values are indicated by open circles for ASE1 and by filled black circles for ASE17D reconstructions. Fluorescence microscopy midzone measurements
with GFP-tagged Ase1 or Ase17D proteins (n = 131 and 110 cells, respectively) are shown as the red (moving average) and gray curves (one SD away from the
moving average).
(E) NDA of antiparallel iMTs for the reconstructedASE1 andASE17D spindles. Inset shows an example of iMT packing with interMT distances corresponding to the
main peaks.We conclude that the phosphorylation state of Ase1 does not
affect iMT spacing at the midzone.
Dephosphorylated Ase1 Recruits Cin8 to the Spindle
Midzone to Promote Spindle Elongation
The effect of Ase1 phosphorylation on the time of midzone bleach
mark splitting (Figure 3) suggested that it controls the sliding of
iMTs. Sliding of iMTs in anaphase is driven by the kinesin-5
motors Cin8 and Kip1 (Saunders et al., 1995; Straight et al.,
1998). We therefore focused our further analysis on these two
motors. Kip1 is not specifically concentrated at the spindle mid-
zone and localizes along iMTs both in ASE1 and ase1D cells. In
contrast, binding of the midzone component Cin8 to iMTs is
reduced in the absence of ASE1 (Khmelinskii et al., 2007). We
thus tested whether the phosphorylation state of Ase1 affects
midzone recruitment of Cin8. During metaphase GFP-tagged
Cin8 associated with kinetochores that form two clusters at the250 Developmental Cell 17, 244–256, August 18, 2009 ª2009 Elsevispindle poles (Figure 5A) (Tytell and Sorger, 2006). In early
anaphase a fraction of Cin8 relocalized to the midzone, but as
the spindle elongated Cin8 localization became more diffuse.
With spindle disassembly, marked by a decrease in pole-to-
pole distance, Cin8 reassociated with kinetochores (Figure 5B).
In ASE17A and ASE17D cells, Cin8 localization showed striking
differences. In addition to the kinetochore signal, Cin8 showed
prominent localization to iMTs in ASE17A metaphase spindles
(Figure 5A). Furthermore, Cin8 strongly accumulated at the mid-
zone of ASE17A anaphase spindles, where it persisted longer
than inASE1 cells (Figure 5B, compare midzone and kinetochore
signal intensities). In metaphase ASE17D cells, as in ASE1 cells,
Cin8 localized normally to kinetochores and did not bind to
iMTs. In ASE17D anaphase, midzone localization of Cin8 was
broader, weaker, and more transient (Figure 5B). We conclude
that Ase1 phosphorylation controls the association of Cin8 with
the spindle midzone. Whereas phosphorylated Ase1 preventser Inc.
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Figure 5. Dephosphorylated Ase1 Recruits Cin8 to the Midzone to Promote Spindle Elongation
(A) Cin8 localizes prematurely to iMTs in ASE17A metaphase spindles. ASE1, ASE17A, and ASE17D cells expressing CIN8-GFP and GAL1-CDC20 were analyzed
by time-lapse microscopy during metaphase arrest. Indicated is the percentage of cells with depicted phenotypes. Scale bar: 2 mm.
(B) Anaphase localization of Cin8 depends on the phosphorylation state of Ase1. ASE1, ASE17A, and ASE17D cells expressing CIN8-GFP were analyzed by time-
lapse microscopy. Scale bar: 5 mm.
(C) Dephosphorylation of Ase1 is sufficient for correct anaphase localization of Cin8. Cells with cdc15-as mCherry-TUB1 CIN8-GFP in ASE1, ASE1 spo12D, and
ASE17A spo12D backgrounds were analyzed by time-lapse microscopy upon release from G1 arrest and Cdc15-as inhibition, as indicated. The GFP channel is
shown. Scale bar: 2 mm.
(D) Cin8 is responsible for abnormal spindle elongation in the ASE17A mutant. Elongation kinetics of anaphase spindles marked with GFP-Tub1 was analyzed by
time-lapse microscopy (11–15 cells per strain). Indicated p values correspond to the statistically significant differences between the motor deletions (asterisks)
and the respective wild-types. Spindle elongation kinetics in ASE1 cin8D and ASE17A cin8D mutants is not significantly different (*p > 0.2 for the first phase, *p >
0.6 for the second phase).
(E) Cin8 overexpression rescues spindle elongation defects in ASE17D background. Two extra copies of CIN8 under native promoter were used for overexpres-
sion. Strains were analyzed as in (D) (n = 10 and 15 cells, respectively).Cin8 from binding to iMTs in metaphase, dephosphorylated Ase1
promotes midzone recruitment of Cin8 in anaphase. In confor-
mity with these observations, Cin8 mislocalized in cdc15-as
spo12D cells, where both FEAR and MEN are inactive and Ase1
is not dephosphorylated. Expression of Ase17A rescued midzone
localization of Cin8 in the cdc15-as spo12D background
(Figure 5C).
Most midzone components bound to a broader region on iMTs
in the ASE17D background (Figure 2C) (Khmelinskii et al., 2007).
In contrast, localization of Cin8 was affected by phosphorylation
of Ase1 in two respects. In addition to binding to a broader region
on the spindle, midzone levels of Cin8 were reduced in ASE17D
cells (Figure 5B). We thus tested whether this difference in
Cin8 recruitment would account for the spindle defects of
ASE1 phosphorylation mutants. In wild-type cells deletion ofDeveloCIN8 impaired the first phase of anaphase spindle elongation.
Absence of KIP1, on the other hand, slowed down the second
phase (Figure 5D) (Straight et al., 1998). Deletion of CIN8, but
not of KIP1, decreased the rate of anaphase spindle elongation
in ASE17A cells. Notably, both phases were affected in the
cin8D ASE17A mutant (Figure 5D). Also, bending and collapse
of ASE17A metaphase spindles was substantially reduced by
deletion of CIN8 and less so by deletion of KIP1 (from 30% to
10% and 16% of the cells for ASE17A, ASE17A cin8D, and
ASE17A kip1D, respectively, n > 70). Furthermore, mild overex-
pression of Cin8 accelerated spindle elongation in ASE17D cells,
affecting specifically the second phase (Figure 5E). These results
show that dephosphorylation of Ase1 stimulates spindle elonga-
tion mainly through recruitment of the kinesin-5 Cin8 to the
spindle midzone.pmental Cell 17, 244–256, August 18, 2009 ª2009 Elsevier Inc. 251
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In agreement with the overlapping localization of Ase1 and
Cin8 at the midzone, recombinant Ase1-SNAP could pull-down
Cin8-TAP from yeast extract (Figure 6A). We tested whether
this interaction was direct. Purified Ase1-SNAP was covalently
immobilized on beads, and the remaining binding sites were
optionally blocked with SNAP protein. Recombinant Cin8-
mEGFP (Figure S7), but not free GFP, bound only to beads
with immobilized Ase1-SNAP (Figure 6B). Thus Ase1 and Cin8
interact directly. This in vitro interaction was also observed for
Ase17A and Ase17D (Figure S8; see Discussion).
It is important to note that dynamics of Ase1 and Cin8 at the
spindle midzone were remarkably different as shown by FRAP
analysis. Whereas Ase1 bound stably to the midzone (turnover
half-life of 280 ± 100 s, n = 5), Cin8 was a very dynamic molecule
(turnover half-life of 5.4 ± 0.5 s, n = 20) (Figures 6C and 6E). The
interaction between Ase1 and Cin8 must therefore be very tran-
sient. Interestingly, Cin8 turnover at the midzone was independent
of the phosphorylation state of Ase1 (Figure 6D), meaning that
most likely the rate of Cin8 detachment from the midzone (off-
rate) wasnotaffectedbyAse1 phosphorylation. In factAse1seems
to have no influence on Cin8 off-rate in anaphase. Cin8 turnover at
kinetochores, where it interacts with parallel bundles of kineto-
chore MTs (Gardner et al., 2008), was not significantly different
from Cin8 turnover at the midzone, where it interacts with antipar-
allel arrays of iMTs and with Ase1 (Figure 6C). Only in late
anaphase, when the spindles completed elongation and started
to disassemble, there was a change in Cin8 dynamics (Figure 6C).
However, the midzone levels of Cin8 were increased in pres-
ence of dephosphorylated Ase1 (Figures 5A and 5B). The rate of
Cin8 binding to the midzone (on-rate) must therefore be increased
by dephosphorylated Ase1. This could be achieved in two ways.
Ase1 and Cin8 could come together in the nucleoplasm and, in
complex, bind to the midzone more efficiently. This is unlikely
the case, as Ase1 is virtually immobile on the time-scale of spindle
elongation. Dephosphorylated Ase1 thus represents additional
binding sites for Cin8 at the midzone. Once bound to Ase1 at
the midzone, Cin8 can either remain in complex with Ase1, detach
back into the nucleoplasm, or bind to the antiparallel MTs. We
favor the third possibility, where Cin8 rapidly shifts from an
Ase1-bound state to a MT-bound state, since phosphorylation
of Ase1 does not affect the extent or the kinetics (off-rate) of
Cin8-GFP fluorescence recovery at the midzone (Figure 6D).
Based on these observations, we propose that Ase1 promotes
spindle elongation by providing additional binding sites for Cin8
at the midzone in a phosphorylation-dependent manner.
DISCUSSION
A Trigger of Spindle Elongation
The metaphase spindle is under tension, as revealed by frequent
transient separation of sister centromeres (Goshima and Yana-Develogida, 2000). Because artificial elimination of sister chromatid
cohesion allows for chromosome separation and spindle elonga-
tion without separase activation and anaphase onset (Uhlmann
et al., 2000), it was thought that only sister chromatid cohesion
is blocking spindle elongation in metaphase. Subsequently it
became clear that additional regulation is required for elongation
and stability of the anaphase spindle (Baskerville et al., 2008;
Jensen et al., 2001; Severin et al., 2001; Sullivan et al., 2001).
Several studies focused on the control of spindle integrity in
anaphase. The phosphatase Cdc14, activated by separase
through the FEAR network (Stegmeier et al., 2002; Sullivan and
Uhlmann, 2003), is key to this regulation and dephosphorylates
multiple spindle proteins involved in MT stabilization (Higuchi
and Uhlmann, 2005; Pereira and Schiebel, 2003). Yet little prog-
ress has been made in understanding the mechanisms behind
spindle elongation and their regulation.
Here we present evidence for a separase-dependent pathway
that controls spindle elongation by regulating the kinesin-5 Cin8,
a protein that slides antiparallel iMTs apart at the spindle
midzone. We demonstrate that phosphoregulation of the MT-
bundler Ase1 by the Cdk1 kinase and the separase-activated
Cdc14 phosphatase controls the timing of Cin8 physical associ-
ation with the midzone. In early stages of mitosis, Cin8 and Ase1
cooperate to assemble a bipolar spindle that remains constant in
length until the onset of anaphase (Kotwaliwale et al., 2007). We
show that during spindle assembly phosphorylation of Ase1 by
Cdk1 inhibits accumulation of Cin8 on iMTs to prevent prema-
ture elongation and collapse of the metaphase spindle. With
progression into anaphase, Ase1 is dephosphorylated by
FEAR-activated Cdc14. Through interaction with a stable scaf-
fold of dephosphorylated Ase1 at the midzone, Cin8 is then
recruited to iMTs, where it drives spindle elongation. Separase
thus functions twofold in spindle elongation: its acts passively
by dissolving sister chromatid cohesion and it actively promotes
sliding of iMTs. The direct link between separase-dependent
dephosphorylation of Ase1 and activation of MT sliding at
the midzone explains how spindle elongation is triggered with
the onset of anaphase. Due to the conserved nature of all the
proteins involved and the common phosphoregulation of the
Ase1/PRC1 family proteins (Mollinari et al., 2002; Zhu et al.,
2006), we anticipate that the regulatory principles identified
here are evolutionary conserved (Fu et al., 2009 [this issue of
Developmental Cell]).
Recently it was shown that mitotic Cdk1 is also required to
trigger anaphase spindle elongation (Rahal and Amon, 2008).
The concurrent requirement of the counteracting Cdk1 and
Cdc14 activities for anaphase spindle elongation can be
explained by the selective dephosphorylation of proteins at the
beginning of anaphase. For example, it has been shown that
downregulation of the PP2A phosphatase activity, a conserved
cell cycle regulator, with anaphase onset allows Cdk1-depen-
dent phosphorylation of the protein Net1, although other Cdk1(C) FRAP analysis of Cin8 turnover on anaphase spindles. Examples of typical bleached regions are indicated in red. Average recovery curves fitted with a single
exponential are shown. Scale bar: 2 mm.
(D) Cin8 turnover at the midzone is not affected by Ase1 phosphorylation. FRAP analysis of Cin8 turnover on intermediate anaphase spindles in cells of the indi-
cated genotypes (wild-type ASE1 as in [C]).
(E) Ase1 is stably bound to the midzone. FRAP analysis of Ase1 turnover at the midzone. Scale bar: 2 mm.pmental Cell 17, 244–256, August 18, 2009 ª2009 Elsevier Inc. 253
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A Trigger of Spindle Elongationtargets, namely Cdk1-Clb5 targets, are at this stage dephos-
phorylated by Cdc14 (Jin et al., 2008; Queralt et al., 2006).
Ase1 as a Regulatory Platform
Ase1 is required for spindle elongation, as it crosslinks midzone
MTs and keeps the two half spindles connected throughout
elongation. As a stable component of the midzone with a clear
preference for antiparallel MTs in vivo and in vitro (Janson
et al., 2007; Khmelinskii et al., 2007; Schuyler et al., 2003),
Ase1 defines and maintains the region of antiparallel overlap of
iMTs where other midzone components can bind. Surprisingly,
Ase1 is not simply providing an antiparallel array of iMTs for
Cin8 to slide apart. Instead, we show that dephosphorylation
of Ase1 promotes midzone accumulation of Cin8. Cin8 binds
to Ase1 directly, although the interaction is not obviously
affected by Ase1 phosphorylation in vitro. It is, however, possible
that the interaction between Ase1 and Cin8 is phosphorylation-
dependent in the context of antiparallel MT arrays, as overlap-
ping MTs affect the behavior of fission yeast Ase1 (Kapitein
et al., 2008a) and of the kinesin-5 Eg5 (Kapitein et al., 2008b).
Indirect evidence suggests that, at least in metaphase, Cin8
has no preference in MT orientation (Gardner et al., 2008).
Whereas a Drosophila member of the kinesin-5 family has a pref-
erence for antiparallel MTs in vitro (van den Wildenberg et al.,
2008), we propose that Cin8 is biased toward antiparallel MTs
in anaphase through interaction with Ase1 at the midzone. Sup-
porting this hypothesis, we observe that dephosphorylation of
Ase1 promotes Cin8 accumulation on antiparallel iMTs without
affecting its turnover at the midzone as evaluated with FRAP.
Additional binding partners of Ase1/PRC1 proteins were
recently identified. A direct interaction with Ase1 targets fission
yeast CLASP to the midzone (Bratman and Chang, 2007). Mid-
zone localization of the polo-like kinase Plk1 requires its direct
binding to PRC1 (Neef et al., 2007). Thus several midzone
components seem to recognize the stable Ase1 scaffold and
not the antiparallel array of iMTs. We suggest that, through its
preference for antiparallel MTs (Janson et al., 2007), the function
of Ase1 is to locate the center of the spindle where iMTs from
opposite poles overlap. There Ase1 provides a platform where
proteins involved in midzone stabilization (CLASP), spindle elon-
gation (Cin8, present manuscript), and regulation of cytokinesis
(Plk1) can bind. It will be important to understand whether and
how these different midzone activities are integrated by Ase1
for successful cell division.
EXPERIMENTAL PROCEDURES
Yeast Strains
All strains are based on the S288c genetic background. Gene deletions,
epitope tagging of genes at their endogenous loci, and mutagenesis were per-
formed using standard techniques (Janke et al., 2004).
Microscopy
All imaging was performed at 30C on a DeltaVision RT system (Applied
Precision) as described (Khmelinskii et al., 2007). The DeltaVision QLM 50 mW
488 nm laser system was used for photobleaching. For FRAP analysis, normal-
ized fluorescence intensities, corrected for background and acquisition
bleaching, were fitted with a single exponential. Maximum projections of
deconvolved stacks are shown, except for FRAP where nonprocessed single
plane images or sum projections of stacks are used for illustration.254 Developmental Cell 17, 244–256, August 18, 2009 ª2009 ElsevieElectron Tomography
ASE1 and ASE17D samples were collected 60 min after release from G1 arrest
at 30C to enrich for anaphase cells. Electron tomography of yeast cells and
reconstruction of spindle MTs was performed as described (Hoog and Antony,
2007).
Protein Methods
Ase1 proteins were expressed as N-terminal fusions with NusA-His6 tag in
E. coli (BL21 Star pRare), and His6-Cin8-mEGFP in insect cells (Sf21). Purifica-
tion was carried out by standard metal affinity chromatography using Protino
Ni-TED Resin (Macherey-Nagel). The N-terminal tags were cleaved off by TEV
protease and removed by size-exclusion chromatography (Superose 6 10/
300, GE Healthcare).
For the binding assays, BG-Pull-Down Resin (Covalys) was coupled with
SNAP or with recombinant Ase1-SNAP and incubated for 1.5 hr at 4C with
extract of yeast expressing CIN8-TAP or recombinant Cin8-mEGFP. For
analytical size-exclusion chromatography, equal amounts of recombinant
Ase1 proteins were loaded on Superose 6 PC 3.2/30 (GE Healthcare).
MT-Bundling Assay
MTs were polymerized from 50 mM tubulin and 10 mM Cy3-labeled tubulin in
the presence of 1 mM GTP in BRB80 (80 mM PIPES, 2 mM MgCl2, 1 mM
EGTA) for 30 min at 37C, spun at full speed in a tabletop centrifuge, and
resuspended in assay buffer (AB: BRB80, 100 mM KCl, 10 mM taxol). 3 mM
of MTs were mixed with 0.5 mM Ase1 in AB, incubated for 10 min at room
temperature, and monitored by microscopy.
Statistics
The unpaired two-tailed t test was used for statistical analysis. Mean ± SEM
values are indicated.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, eight
figures, and one table and can be found with this article online at http://
www.cell.com/developmental-cell/supplemental/S1534-5807(09)00252-4/.
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